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It is widely accepted that using reclaimed asphalt pavement (RAP) and recycled asphalt 
shingles (RAS) could improve the sustainability of asphalt concrete (AC), in terms of cost 
savings and environmental factors. This should be only valid when short- and long-term 
pavement performance are not compromised. This thesis presents an experimental evaluation of 
the rheological properties of binders from various sources to investigate the effects of aging and 
increasing asphalt binder replacement (ABR) levels. In addition to the standard Superpave 
grading parameters, the additional rheological parameters for low-temperature cracking 
susceptibility and block and fatigue cracking were derived from various dynamic shear 
rheometer (DSR) and bending beam rheometer (BBR) tests.  Binders from five AC designed 
with varying ABR percentages (from 0 to 60%) were recovered using the standard Rotovap test 
procedure. The base binder used in the AC design and binders recovered from RAP and RAS 
were also tested. In addition to standard aging protocols, base binders were subjected to a second 
pressure aging vessel (PAV), while one PAV was applied for the extracted binders. Almost all 
additional rheological parameters appeared to maintain consistent trends with aging and 
increasing ABR levels. The considered parameters are shown to be helpful in evaluating 
progression in the brittleness of binders with ABR and aging. Based on the outcome of the 
experimental program (binder level and mixture level), it was concluded that AC with ABR 
levels above 20 percent could suffer from short- and long-term cracking potential. Asphalt 
concrete with high ABR content can already be at a critically-aged condition immediately after 
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CHAPTER 1 INTRODUCTION 
It is widely accepted that using reclaimed asphalt pavement (RAP) and recycled asphalt 
shingles (RAS) could improve the sustainability of asphalt concrete (AC), in terms of cost 
savings and environmental factors, when short- and long-term pavement performance is not 
compromised. In the state of Illinois and elsewhere in the United States, various type of recycled 
and waste materials were utilized in highway construction. There are numerous studies in the 
literature on the use of reclaimed and recycled materials used in Illinois highway construction 
(Liu et al.2015; Rowden et al. 2012; Lippert et al. 2012). In recent years, reclaimed asphalt 
shingles (RAS) have also been introduced as a recycled material containing significantly high 
petroleum based binder (20-30% by weight). The use of RAP and RAS together led to increase 
amount of virgin asphalt binder replacement. Using RAP and RAS provides numerous economic 
benefits primarily because it serves as a replacement for petroleum-based asphalt binder. On the 
other hand, as asphalt binder replacement (ABR) levels increase, arise the difficulties in the 
production and in-service performance of pavements built with such mixes. For example, 
reclaimed asphalt materials introduce aged and brittle asphalts into the pavement, which may 
influence AC performance during cold weather. To counter these hard asphalts, softer asphalts 
are often incorporated into the AC. The goal for the final mix is to obtain properties suitable to 
achieve the desired design lifetime of the pavement. Therefore, a thorough study was conducted 
to evaluate the rheology performance of a blend of RAS, RAP, and virgin binders used in 
highway construction. 
1. 1 Problem Statement 
There are various challenges and performance risks associated with the use of RAP and 
RAS. Recycled binder used in RAP and RAS is often considerably more aged than virgin binder 
(AASHTO, 2014). The increased stiffness associated with aging can pose premature cracking 
risks in the field, the rutting resistance of AC may improve on the other hand (Cooper et al. 
2015). A second challenge is the variability in aggregate and binder properties of RAP 
stockpiles. Finally, unknown or partial blending of recycled binder with the original binder could 
result with insufficient total binder content in the AC mix. Partial blending can influence AC’s 
compaction, and hence hinder the achievement of target density in the field. In additional, partial 
blending may result in the heterogeneous distribution of recycled binder in the AC mixes.  
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Many studies have investigated the effect of increased levels of RAP and RAS on the 
characteristics of AC and binders (Cascione et al. 2015; Chen et al. 2014; Daniel et al. 2010). A 
comprehensive summary of literature on the effects of RAP and RAS or asphalt binder 
replacement (ABR) on AC performance characteristics was conducted by Li and Gibson (2012). 
At the AC level, most of these studies concluded that low-temperature and fatigue cracking of 
AC with high ABR material could be increased due to the AC brittleness (Mensching et al. 
2015). Depending on the test methods and quality of laboratory AC design preparation and 
specimen fabrication, the significance of the impact varied, and the results were inconsistent. 
However, the majority of the studies demonstrated an improvement in rutting resistance of AC 
with increasing recycled content. In most of the available studies, AC characterization with 
recycled content was limited to short-term-aged, laboratory-produced, and plant-produced AC 
mixes.  
Even though AC performance tests can have a direct relationship with field performance 
of pavements, binder characterization has also been considered when evaluating the effects of 
recycled binder, modifiers, and additives at the constituent level. Some of the standard binder 
tests include intermediate- and high-temperature dynamic shear rheometer (DSR) and low-
temperature bending beam rheometer (BBR) tests. In Colbert et al. (2012), virgin binder was 
blended with 30%, 50%, 70%, and 100% RAP binder before evaluation by aging: rolling thin-
film oven (RTFO) aging, and pressure aging vessel (PAV) aging. The study found that the higher 
the viscosity of binder blends the greater increase of stiffness after aging (Colbert et al. 2012). 
Other studies showed that standard Superpave tests might not accurately and consistently capture 
the intermediate-temperature behavior of binders, especially when they are blended with 
modifiers or recycled content (Abbas et al. 2013; Gibson et al. 2012; Huang et al. 2014; Khosla 
et al. 2012; Zhou et al. 2013). Additional test methods and analysis approaches were proposed to 
characterize the AC cracking susceptibility in the presence of modifiers, additives, and recycled 
content under standard and extreme conditions. Beyond Superpave standard tests, Gibson et al. 
(2012) used full scale with accelerated pavement test (APT) to compare the fatigue cracking 
susceptibility of binder with various polymer modifiers. The results indicated that critical tip 
opening displacement (CTOD) and binder yield energy had more discrimination potential than 
did the Superpave parameters. 
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Recently, several other binder performance criteria have been developed. One developed 
by Rowe (2014) can be used for predicting fatigue and block cracking susceptibility of binders at 
intermediate temperatures. The parameter is derived from DSR complex modulus tests and is 
known as the Glover-Rowe (GR) parameter. The R-value and crossover frequency are additional 
parameters that can be obtained from DSR temperature and frequency-sweep tests. As for low-
temperature performance, a new parameter, Δ𝑇𝑐 , defined as the difference between critical 
temperature of stiffness and m-value obtained from the BBR test, where stiffness threshold 
equals 300 MPa and the m-value is 0.300 (King et al. 2012). These parameters were recently 
utilized by Mogawer et al. (2016) to assess the impact of re-refined engine oil bottoms (ReOB) 
using two different binder grades and various aging durations. The parameters showed the 
progression of brittleness with aging for the two ReOB sources when compared with control 
binders.  
The aforementioned studies emphasize the need for reliable AC and binder performance 
test methods and the need for criteria to evaluate AC containing high recycled content or binders. 
Because the performance of blended binders and AC with recycled content after long-term aging 
has not been clearly understood, limits were generally determined based on engineering 
judgment or plant production capacity rather than using experimental characterization, supported 
with field results.  
1.2 Research Objectives 
The main goal of this study is to evaluate various binder performance criteria in relation 
to cracking susceptibility of binders with recycled content, including RAP and RAS. Some of the 
specific objectives of study are summarized below: 
 Characterize the short- and long-term rheological properties of the extracted binders 
containing RAP and RAS using standard Superpave and non-standard, recently-
developed methods and criteria; 
 Evaluate various binder performance criteria for effectively and consistently 
characterizing the effects of ABR and aging; 




 Propose critical thresholds of ABR above which the binder and AC mixture’s cracking 
potential could be increased at which point remediation should be considered. 
1.3 Research Approach 
This thesis presents the results of an experimental program developed to characterize 
short- and long-term performance of binders with various levels of RAP and RAS binder 
content. Binders from five AC designed with varying ABR percentages (0 to 60%) were 
recovered using the standard Rotovap test procedure. A proven aging method exists to evaluate 
the long-term impact of recycled materials (Colbert et al. 2012). In addition to standard aging 
protocols, base binders were subjected to a second pressure aging vessel (PAV), while one PAV 
was applied for the extracted binders in order to simulate long-term performance. Also, beyond 
the standard Superpave grading parameters, the additional rheological parameters for low-
temperature cracking susceptibility and block and fatigue cracking potential were derived from 
various DSR and BBR tests. Binder performance tests were chosen in this study because they 
offer several advantages. Test results of binders are more repeatable because of the relatively 
homogenous microstructure of binders compared with that of AC. The effect of changes in the 
constituents (e.g., the addition of recycled binder at different ratios or modifiers) can directly 
affect the results.  
1.4 Thesis Organization 
The introduction of this thesis gives a description of the problem statement, research 
objectives, and research approach. Chapter 2 covers related test methods and some new rheology 
parameters used in this study, in addition to a detailed literature review. Chapter 3 presents 
materials used and the test considered in this study, such as the equipment setting parameters 
(frequency, temperature, etc.), and the number of replicates used in each test. The results are 
discussed in Chapter 4, while Chapter 5 presents the study conclusions and offers some 






CHAPTER 2 CURRENT STATE OF KNOWLEDGE 
This chapter presents a comprehensive review of the conventional and more recent and 
advanced rheological test methods employed for characterization of asphalt binder. Test methods 
will be introduced along with typical results.  
2.1 Related Test Methods  
2.1.1 Binder Recovery 
In this study, the binder recovery from the AC mixtures followed the AASHTO T391-15, 
“Standard Method of Test for Quantitative Extraction and Recovery of Asphalt Binder from 
Asphalt Mixtures.” Following the specifications, the AC mixture was repeatedly washed and 
filtered with solvent (Entron used in this study) in a filtration apparatus. Each filtration was then 
distilled under vacuum in a rotary evaporator with the asphalt remaining in the flask (Figure 2.1). 
The solvent was distilled at 100°C. After recovery of the final filtrate, the solution was 
concentrated to about 300 mL and centrifuged to remove the aggregate fines. At the final phase 
when the nitrogen gas introduced, the distillation temperature was increased to 174°C.  
 




2.1.2 Aging Methods 
In order to evaluate short- and long-term binder performance, two aging methods were 
used. The Rolling Thin Film Oven (RTFO) was used to simulate short-term aging and the 
Pressure Aging Vessel (PAV) was used to simulate long-term aging.  
2.1.2.1 Rolling Thin Film Oven (RTFO) 
RTFO aging is a short-term aging method that represents aging performance during 
construction. In accordance with ASTM D2872, the asphalt material should be heated in the 
RTFO for 85 min at 163°C under air pressure. The machine can hold eight bottles at a time 
(Figure 2.2). The mass of the material in each bottle should be 35 ± 0.5 g, and the mass change 
of each bottle after aging should be less than 1%. In this study, RTFO aged material was used to 
conduct the DSR tests and PAV tests. 
 
Figure 2.2 RTFO aging equipment 
 
2.1.2.2 Pressure Aging Vessel (PAV) 
The PAV aging method simulates long-term aging conditions of asphalt binder. This test 
needs to be conducted on the standard RTFO aged residue. The basic procedure starts with 
pouring the heated RTFO aged binder into the PAV pans. Each pan can contain up to 50 g 
material, and ten pans can be heated at one time. The whole aging process takes 20 hrs under 305 




Figure 2.3 PAV aging equipment 
 
2.1.3 Rheology Testing Method 
The two main rheology tests used in this study to characterize the binder performance are 
the DSR and BBR tests. Following the ASTM D6373 Superpave PG grading, the DSR should be 
conducted on both RTFO aged binder at high temperature and PAV aged binder at intermediate 
temperature, while the BBR test should conducted on the PAV aged binder at low temperature. 
2.1.3.1 Dynamic Shear Rheometer (DSR) 
The DSR is used to characterize the viscous and elastic behavior of asphalt binders at 
intermediate and high temperatures. The basic DSR test uses a thin asphalt binder sample 
sandwiched between two circular parallel plates. The lower plate is fixed, while the upper plate 
oscillates back and forth across the sample to create a shearing action. The frequency can be 
changed or fixed and the test temperature can be controlled. Figure 2.4 shows the DSR 




Figure 2.4 DSR equipment 
 
Two important parameters can be obtained from the DSR test: G∗ (complex modulus) and 
δ (phase angle). The complex modulus is defined by the following equation, where τmax is the 




                                                                                                                                        (2.1) 
δ is the lag between applied shear stress and the resulting shear strain. The phase angle presents 
the viscoelasticity of binder and allows obtaining the binder stress relaxation. For failure at the 
same stiffness level, a lower phase angle means less strain than a higher phase angle.  
In this study, the Superpave high temperature grading and the frequency sweep tests were 
performed. 
Superpave High-Temperature Grading  
The test undertaken was the Superpave high-temperature grading test. This test is used to 
determine the high temperature Superpave PG grade of the binder. A complete high temperature 
grading requires two sets of grading tests. One is conducted on the un-aged binder and the other 
on the RTFO aged binder; both use a 25 mm sample size. According to the Superpave 
specifications developed by the Strategic Highway Research Program (SHRP), 𝐺∗/sinδ, defined 
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as the rutting parameter and the minimum limit, placed at 10 rad/sec (1.59 Hz) —for un-aged 
binder it was 1.0 kPa; for RTFO-aged binders it was 2.2 kPa.  
In this study, the high-temperature grading tests were conducted on un-aged, RTFO-aged, 
and extracted un-aged binders at high temperature.  
Superpave Intermediate-Temperature Grading  
The DSR equipment can be used for measuring binder resistance to fatigue cracking. 
Based on the Superpave specification, |G*|sinδ is defined as the fatigue cracking parameter and 
with a maximum limit of 5,000 kPa, measured at a strain amplitude of 1%, and a frequency of 10 
rad/sec. This test is also conducted on the PAV residue at intermediate temperature, and the 
sample size is 8 mm diameter with a 2 mm thickness. Results of this test are used to build a 
binder master curve over a wide range of temperatures or reduced frequencies. 
Characterization of Linear Viscoelasticity using Master Curves   
The temperature-frequency sweep test was conducted at different temperatures, and at 
each temperature with a range of frequencies within the linear stain range. Based on the results 
from this test, the master curve can be developed by shifting the curve at every temperature to a 
reference temperature (usually an intermediate temperature—28°C in this study). The master 
curve is generally a binder performance function at a constant (reference) temperature, with the 
x-axis of reduced frequency and the y-axis of binder (complex modulus, phase angle, etc.). 
The master curve constructed as a result of temperature-frequency tests is a useful linear 
viscoelastic characterization method for detecting the overall performance of binder. It can 
provide the binder’s fundamental properties (complex modulus and phase angle) versus a large 
range frequency by conducting the test at different temperatures, then shifting it to a same 
reference temperature using various models. When conducting the test, the sample size varies 
depending on the material hardness and test temperature. Generally, a 25 mm × 1 mm sample 
size was used for high temperature testing (40-90℃) and 8 mm × 2 mm was used for low and 
intermediate temperature testing (-5-40℃, Huang et al. 2014).  
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The outcome of the temperature-frequency tests is master curves defining the complex 
modulus 𝐺∗ or phase angle 𝛿 across a wide range of temperatures and frequencies. In this study, 
The MEPDG Sigmoidal model is used to fit the curves. The following figures are not test results 
from this study, but are presented to illustrate the basic idea of time temperature superposition.  
 Figure 2.5 shows the direct results from frequency sweep tests; each point represents the 
test results at a specific temperature and frequency (linear strain range). Figure 2.6 shows that 
these curves can be shifted to a single curve by changing their test frequencies but not the value 
of the modulus—which is a master curve—and the changed frequency—which is called the 
reduced frequency. The strategy of changing frequency is to simply multiply each frequency 
with a shift factor 𝑎𝑇. Then, this curve can be fitted to various models; the MEPDG Sigmoidal 
model was used in this study. 
 



























Figure 2.6 Frequency sweep test results after time-temperature superposition 
 
 The relationship between shift factor and the temperature can be described by the WLF 
model. The WLF equation is: 
log(𝑎𝑇) =  −𝐶1(𝑇 − 𝑇0)/(𝐶2 + (𝑇 − 𝑇0))                                                                              (2.2) 
where 𝑇0 is the reference temperature (shift factor 0 and 28°C in this study); 𝑇 is the input 
temperature; and 𝐶1 and 𝐶2 are fitted constants.  
Based on the WLF equation, we can derive the rheology properties at any temperature 
and frequency. For instance, the Glover-Rowe (GR) parameter G ∗ (cosδ)2/sinδ was measured 
at 15°C to be 0.005 rad/sec. We can back calculate the shift factor based on the WLF equation by 
inputting T = 15°C; once we know the frequency and shift factor, the reduced frequency can be 
easily derived. Once the reduced frequency is obtained, the complex modulus and phase angle 


























Figure 2.7 WLF model fit example 
 
In this study, in addition to the Superpave rheology parameters, other parameters 
(Glover-Rowe, crossover frequency 𝜔𝑐, and R-value) were calculated to characterize overall 
brittleness and cracking susceptibility of tested binder, based on the master curve. These 
parameters and calculation methods are introduced later in this chapter. 
2.1.3.2 Bending Beam Rheometer 
The BBR test is used to characterize the low temperature performance of asphalt binder 
based on the PAV-aged binder residue. Two parameters are conducted during this test. One is 
flexural creep stiffness, which indicates the thermal stress, and the other is m-value, which 
indicates the ability to relax stresses and resist thermal cracking. AASHTO specifies the 
maximum measured stiffness as 300MPa and places the minimum m-value at 0.300. According 
to ASTM D6648 X1.5, stiffness and m-value are calculated as follows: 
𝑆(𝑡) = 𝑃 𝐿3 4⁄ 𝑏ℎ3𝛿(𝑡)                                                                                                              (2.3) 
where 𝑆(𝑡)=time-dependent flexural creep stiffness, MPa; P=constant load, N;  L=span length, 
mm; b=width of beam, mm; h=depth of beam, mm; and 𝛿(𝑡)=deflection of beam. 



























Figure 2.8 BBR equipment used in this study  
 
The basic BBR test uses a small asphalt beam (Figure 2.9) that is simply supported and 
immersed in a cold liquid bath. A load is applied to the center of the beam and its deflection is 
measured against time. Stiffness is calculated based on measured deflection and standard beam 
properties, and a measure of how the asphalt binder relaxes the load-induced stresses is also 
recorded. The test is run in accordance with ASTM-D6648.  
 




2.2 Related Rheology Parameters 
In this study, in addition to the rutting parameter and fatigue parameters from Superpave, 
some additional parameters (Glover-Rowe, crossover frequency, and R-value) were used to 
detect the brittleness of binder and to characterize the aging level of the same.  
2.2.1 Glover-Rowe parameter (GR) 
In addition to the rheology parameter from Superpave, the Glover-Rowe parameter 
(Rowe, 2014) can be used for predicting cracking performance. Glover consider a mechanical 
form for ductility test involving springs (G′) and dashpots (η′) to describe the behavior deduced 
that there was a relationship between cracking and G′/(
η′
G′
). The assumption was then proven by 
Anderson et al.; after Rowe’s analysis, the GR parameter becomes G ∗ (cosδ)2/sinδ. 
Because the frequency is constant, the GR parameter is a function of G and δ. At 15°C, 
the criteria of GR parameter is 180 kPa, in the limiting value of 9E-04 mPa/sec at 0.005 rads/s 
for the onset of cracking (very beginning of starting cracking). As for the second value suggested 
by Anderson et al., which presents the development of significant cracking, the criteria of GR 
parameter is 450 kPa. The limiting values are listed below, and for a better understanding can be 
plotted in the Black space diagram (Figure 2.10). 
Damage onset:                  G ∗
(cosδ)2
sinδ
= 180 kPa                                                                      (2.5) 
Significant cracking:        G ∗
(cosδ)2
sinδ




Figure 2.10 Criteria of GR parameter plot on a Black space diagram (Rowe, 2014) 
 
2.2.2 Cross-over frequency (𝝎𝑪) and R-value 
The crossover frequency is the reduced frequency where the loss and storage moduli are 
equal; that is, when the phase angle becomes 45 degrees. The R-value was also found to increase 
with asphalt aging. The R-value is defined as the difference between the log of the glassy 
modulus (which is 10^9 pa) and the log of the modulus at crossover frequency (Mogawer et al. 
2016), for both R-value and crossover frequency, the reference temperature should be 15°C. The 






Figure 2.11 Crossover Frequency – R-value Space: PG64-22 and PG76-22 asphalt binders 
after different aging levels. (Mogawer et al. 2015) 
 
2.2.3 Critical ∆𝑻𝒄 Parameter 
A parameter to indicate the low temperature brittleness can be derived from the BBR 
tests results is the critical ∆Tc parameter. The ∆Tc parameter was shown to be a promising 
indicator of low-temperature cracking representing the loss of relaxation and recovery 
characteristics of an asphalt binder when the parameter decreases. It is defined as the difference 
between PG stiffness temperature (the temperature when stiffness equals 300 MPa) and PG m-
value temperature (the temperature when m-value equals 0.300).  
Rowe concluded that the ∆Tc and GR parameter essentially describing the same behavior 
(Rowe, 2014). It was shown that ∆Tc decreases with aging to indicate an increase in brittleness. 
There are no specified criteria for this parameter, simply an empirical threshold of -5°C used in 
this thesis. Because of excessive brittleness, testing could not be conducted for RAS, even at 
intermediate temperature; therefore, the ∆𝑇𝑐 parameter was not calculated for RAS. This was 
found to be consistent with results reported by Willis et al. (2016).  
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2.3 Related Recent Study Results 
This section summarizes the results of recent studies investigating and how pavement 
performance is affected by the use of reclaimed asphalt pavement (RAP) and recycled asphalt 
shingles (RAS) at the binder level or mixture level. Generally, most studies conclude that using 
RAP or RAS can increase rutting resistance and that the low-temperature grade also increases 
and becomes more sensitive to thermal damage depending on the type and amount of RAP or 
RAS.   
Most state highway agencies allow contractors to use less than 5% RAS in AC (Abbas et 
al. 2013). Most state transportation departments allow between 10% to 20% RAP for the surface 
courses and higher percentages are allowed for base and intermediate courses. Softer binder has 
also been suggested for use with AC with RAP to improve workability (Al-Qadi et al. 2009). 
The purpose of the study by Al-Qadi et al. (2009) was to characterize the mixing 
efficiency of different percentages of RAP with virgin asphalt binder. The results indicated that 
assuming 100% working binder of mixing, design with RAP may be acceptable. Some 
performance tests showed that the amount of RAP increased the stiffness of AC. Brittle AC may 
lead to low-temperature cracking, and AC with RAP has the potential to reduce stripping, 
perhaps because of the strong binder–aggregate bonds of RAP. The study recommends that more 
extensive performance testing be implemented to investigate the rutting, fatigue, and low-
temperature performance of AC mixes containing high percentages of RAP. 
In Colbert et al. (2012) study, virgin binder was blended with 30%, 50%, 70%, and 100% 
RAP before evaluating the effects of aging, rolling thin-film oven (RTFO) aging, and pressure 
aging vessel (PAV) aging. The study found that the higher viscosity of binder blends with RAP 
and that further aging results in a continuous increase of stiffness.  
Abbas et al. (2013) concluded that with additional RAS (0%, 5%, 7% and 10%), the 
asphalt binder becomes stiffer and harder to mix and to handle; as such, it was suggested that a 
softer base binder be used when RAS is added to AC. The results from this study showed an 
increase of 𝐺∗ and a decrease of 𝛿 at high service temperature, which indicated a higher rutting 
resistance with additional RAS (Figures 2.12). While at intermediate temperature, there was no 
difference between 𝐺∗sin (𝛿) with addition of RAS (Figure 2.13), which was inconsistent with 
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previous studies that reported a decrease fatigue resistance of AC mixtures containing RAS 
(Abbas et al. 2013). It was concluded that the fatigue parameter 𝐺∗sin (𝛿) of Superpave may not 
be sufficient to characterize the fatigue behavior of asphalt binder at intermediate temperature.  
 
Figure 2.12 G*/sinδ at 58 ℃ and 10 rad/s (Abbas et al. 2013) 
 
Figure 2.13 Fatigue parameter comparison for binder containing different RAS level 
(Abbas et al. 2013) 
 
Huang et al. (2014) tested four binder sources and shifted them to a 20℃ reference 
temperature; the results are shown in Figure 2.14. Data were obtained at the region of frequency 
from 0.1 to 100 rad/s under the controlled 1% strain loading conditions with the temperatures of 
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-20, 0, 20, 40, 60 and 80℃. The two fresh binders—AAA-1 and AAC-1—showed similar 
rheology characteristics at either high or low temperature ranges. The AC with recent RAP from 
Manitoba was much stiffer than the two fresh binders, but softer than that with old RAP. The old 
RAP from South Carolina processed the highest complex modulus and the lowest phase angle, 
and these behaviors are typical features of highly oxidized-aged binders. Figure 2.15 shows the 
control binder blended with different percentages of RAP binder, with the master curve shifted to 
13℃. The results clearly showed that the complex modulus increased with RAP content (Zhou et 
al. 2013). 
 
Figure 2.14 Complex modulus and phase angle for four materials (Huang et al. 2014) 





Figure 2.15 Master curve shift to 13oC for binder containing various RAP contents (Zhou 
et al. 2013) 
 
Two parameters are obtained from the BBR test. One is flexural creep stiffness, which 
indicates the thermal stress; the other is m-value, which indicates the ability to relax stresses and 
resist thermal cracking (Abbas et al. 2013).  
Results from BBR shown in Figure 2.16 indicates a clear increase of creep stiffness and a 
decrease of m-value with RAS content increasing. This suggests that additional RAS would 
result in increasing thermal cracking potential even if less than 10 percent (Abbas et al. 2013). 
Similar results are shown in Figure 2.17 with RAP content from 0 to 100%; the stiffness 
increased and m-value decreased when RAP’s content increase (Khosla et al. 2012). 
 





Figure 2.17 Creep stiffness and m-value versus RAP content (Khosla et al. 2012) 
 
Figure 2.18 presents both high and low Superpave grades versus RAP content. It showed 
that blending binder grades varied affected by the base binder, and types of RAP and generally 
both the high and low temperature grade increased with RAP content. The same trends are 
showed in Figure 2.19, both the high-temperature and low-temperature grades increased with 
RAS content (Zhou et al. 2013). 
 
Figure 2.18 PG grading of different blending results (Huang et al. 2014)                                                                                                             





Figure 2.19 Binder blending grades (Zhou et al. 2013) 
 
The GR parameter, plotted in Black space diagram (the y-axis is complex modulus and 
the x-axis is phase angle), is shown in Figure 2.20 (Mogawer et al. 2015). This study did not 
include use of recycled materials or the effects of ABR, but did examine the highly aged material 
properties in AC mixes. As shown in Figure 2.21, there were two types of binder (PG76-22 and 
PG 64-22) and four aging condition with each of them (RTFO, 20 PAV, 40 PAV and 60 PAV). 
The two red lines in the figure are the two criteria of GR (the dashed one is for onset cracking 
and the other one is for significant cracking), and as the aging condition increased the same trend 
can be observed for each material in which the complex modulus increased while the phase angle 
decreased and the points moved to the fail side.  
 




To summarize, the aforementioned studies emphasize the need for reliable AC and binder 
performance test methods and criteria to evaluate AC containing high recycled content or 
binders. Because the performance of blended binders and AC with recycled content after long-
term aging has not been clearly understood, limits were generally determined based on 
engineering judgment or plant production capacity rather than using experimental 
characterization, supported with field results. Therefore, this study is aimed at investigating the 



















CHAPTER 3 TESTING METHODOLOGY AND MATERIALS 
This chapter presents the detailed information about material using and testing 
implementation. All of the materials used in this study are from project ICT-R27-162: AC 
mixtures, virgin binders used in AC mixtures, RAP and RAS used in AC mixtures. Section 3.1 
introduces the control binder type and RAS/RAP content of each AC mixtures.  Section 3.2 
presents the binder recovery from AC mixtures, aging history of virgin and extracted binder, and 
the details of DSR and BBR tests. 
3.1 Materials 
Three binder sources were used in the study: original binders were used in the preparation 
of AC (as the control binder); binders were recovered from recycled constituents (RAP and 
RAS) used in the AC; and binders were recovered from laboratory-designed and -produced 
mixes with ABR content of varying percentages (0%, 10%, 20%, 30%, and 60%). Table 3.1 
presents a complete list of binder sources. The laboratory-prepared AC mixtures (N90) in 
accordance with Illinois Department Transportation specifications were designed in a previous 
study to develop the most effective mixture performance testing protocol to ensure cracking 
resistance (Al-Qadi et al. 2015; Ozer et al. 2016). These ACs were chosen for the current study 
because they were designed using stringent volumetric criteria, starting by changing the ABR 
level gradually, from a parent control AC design. In addition, complete AC mixture performance 
test results exist for these AC and can be used for correlation (Al-Qadi et al. 2015). Control 
binders used in the mixes were PG 52-34, PG 58-28, and PG 64-22. In this study, PG 58-28 and 
PG 64-22 were investigated and compared with the results from extracted binders. Because PG 
52-34 is not commonly available or used in AC in Illinois or elsewhere in the United States, it 
was excluded from the testing program. Two RAP and RAS sources were included in this study 







Table 3.1 Binder Sources and AC Design Properties Used in the Experimental Program 
1. Original Binders  
PG 58-28 PG 64-22     
2. Extracted Binder from Recycled Constituents (RAP and RAS) 
Binder ID Source Binder Content (%)  
RAP1 District 5 5.5  
RAP2 District 5 3.9  
RAS1 Source 1 26.7  
RAS2 Source 1 27.4  
3. Extracted Binders from AC 
Binder ID Base binder of AC RAP and RAS source of AC ABR  
N90-01 AS2 PG 64-22 0.0% 0.0% 
N90-10 PG 64-22 2.5% RAS1 10.5% 
N90-20 PG 58-28  5.0% RAS1 21.2% 
N90-30 PG 58-28  7.0% RAS1 29.8% 
N90-60 AS PG 52-34  7% RAS2 + 20% RAP1 + 20% RAP2 60.8% 
1 N90-0, N90-10, N90-20, N90-30, and N90-60 indicate N-design and ABR percentage 
2 AS: 1% of Pavegrip 550 anti-strip was added to the total binder weight for some of the AC to reduce stripping potential  
and meet the tensile strength minimums and ratio requirements 
 
3.2 Rheology Tests Implementation Details 
3.2.1 Binder Recovery 
The standard Rotovap test procedure mentioned in 2.1.1 was used to extract asphalt 
binder from the AC (N90-0 AS, N90-10, N90-20, N90-30 and N90-60 AS) and RAP/RAS 
(RAP1, RAP2, RAS1, and RAS2). 
3.2.2 Aging history 
ASTM D2872 Rolling Thin-Film Oven (RTFO) and ASTM D6521 Pressurized Aging 
Vessel (PAV) were used to simulate the short-term and long-term aging of virgin binders, 
respectively.  
Aging protocols applied to the samples include standard (RTFO, PAV) and non-standard 
extra-long-term aging procedures (2PAV).  The 2PAV means conducting another standard PAV 
aging on the PAV aged residues. The aging history for each sample is as follows: 
 Control binders were subjected to RTFO, PAV, and second PAV (2PAV) protocols in 
addition to testing without any aging.  
 Extracted binders from AC mixtures were tested as-is and after one PAV. 
 Extracted binders from RAP and RAS were tested as-is. 
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3.2.3 Dynamic Shear Rheometer 
The high-temperature grading was obtained from DSR in accordance with the Superpave 
specifications developed by the Strategic Highway Research Program (SHRP); 𝐺∗/sinδ, defined 
as the rutting parameter and the minimum limit was placed at 10 rad/sec (1.59 Hz): for un-aged 
binder it was 1.0 kPa, and for RTFO-aged and extracted binders it was 2.2 kPa. The high-
temperature grading tests were conducted on un-aged, RTFO-aged and extracted un-aged binders 
at high temperature. For each test, two replicates were used to obtain the final results. 
The temperature-frequency sweep tests were conducted on the virgin, RTFO-, PAV-, and 
2PAV-aged control binders (PG 58-28 and PG 64-22), as well as on the un-aged extracted and 
PAV-aged extracted materials. All DSR data were obtained within the strain range from 0.05% 
to 5%, and the test was performed at a range of temperatures from 15°C to 64°C or 76°C 
(depending on material properties) at 12°C intervals. Test frequency was from 0.1 to 100 Hz at 
each temperature. Parallel plates of 8 mm diameter with a 2 mm gap were used at 15°C, 28°C, 
and at 40°C if the binder was too stiff; a 25 mm diameter plate with a 1 mm gap was used at 
temperatures greater than 28°C or greater than 40°C (depending on material properties). The 
master curves were constructed using MEPDG sigmoidal fit and shifted to a 28°C reference 
temperature. Two replicates were used to determine the final master curve of each material.  
The outcome of the temperature-frequency tests are master curves defining the complex 
modulus 𝐺∗ and phase angle 𝛿 across a wide range of temperatures and frequencies. Additional 
parameters (Glover-Rowe, crossover frequency 𝜔𝑐, and R-value) were calculated to characterize 
overall brittleness and cracking susceptibility. The methods used to calculate these additional 
parameters as introduced before are as follows: 
 The Glover-Rowe parameter is found using the expression G ∗ (cosδ)2/sinδ measured at 
15°C and 0.005 rad/sec. The criterion for onset damage is 180 kPa, and for significant 
cracking it is 450 kPa (Rowe 2014).  
 The crossover frequency is defined as the frequency where the loss and storage moduli 
are equal to each other—that is, when the phase angle became 45 degrees. 
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 The R-value was found to increase with asphalt aging. It is defined as the difference 
between the log of the glassy modulus and the log of the modulus at crossover frequency 
(Mogawer et al. 2016). 
3.2.4 Bending Beam Rheometer 
The BBR tests were conducted on PAV and 2PAV aged control binders (PG58-28, 
PG64-22), un-aged, and PAV-aged extracted N90 binders. Stiffness, m-value, and ∆𝑇𝑐 were 
calculated for each tested binder. 
In this study, four replicates were used for the tests of PAV-aged control binders and un-
aged extracted binders. Because of limited material, only two replicates were tested for the 
















CHAPTER 4 RESULTS AND ANALYSIS 
This chapter presents the results obtained from various rheological tests for the binders 
aged in the laboratory and extracted from mixes.  
4.1 Superpave Grading Results 
Table 4.1 shows the Superpave grading results of all binders at various short- and long-
term aging conditions. All the un-aged control binders were graded based on the Superpave 
specification that 𝐺∗/ sinδ > 1.0 kPa. RTFO-aged and un-aged extracted binders were graded 
following 𝐺∗/ sinδ > 2.2 kPa. The results from Table 4.1 show that all the virgin and RTFO-
aged control binders met the Superpave specifications.  









𝑮∗𝒔𝒊𝒏𝜹   







Grade (MPa) — (kPa) (kPa) (kPa) 
Original Binder 
PG 58-28 220 0.310 1.91 5.76 2155 — CG 63.4-29.2 PG 58-28 
PG 64-22 239 0.301 1.89 4.65 1737 — CG 69.5-23.6 PG 64-22 
Extracted Binder 
N90-0AS 219 0.302 — 2.39 3155 PG 64-22 CG 70.7-22.3 PG 70-22 
N90-10 90 0.35 — 4.58 3168 PG 64-22 CG 69.7-21.0 PG 64-16 
N90-20 78 0.326 — 2.70 1575 PG 58-28 CG 77.9-18.9 PG 76-16 
N90-30 61 0.352 — 3.24 1259 PG 58-28 CG 79.3-16.0 PG 76-10 
N90-60AS 53 0.303 — 2.27 880 PG 52-34 CG 88.2-10.7 PG 88-10 
Extracted Constituents 
RAP1 107 0.349 — 2.84 1380 — CG 90.1-14.0 PG 88-10 
RAP2 159 0.316 — 2.66 1731 — CG 77.6-24.4 PG 76-22 
RAS1 — — — 256.77 — — CG 156.7- — 
RAS2 — — — 182.30 — — CG 150.1- — 
 
The high-temperature grades of RAS1 and RAS2 were above 150°C—much higher than 
those of other binders. The results showed that RAP1 was stiffer than RAP2 at high temperature, 
which was graded as 88°C; the average true grade of RAP1 was 90.1°C and RAP2 was 77.6°C. 
For the extracted N90 binders, generally the high-temperature grade increased with ABR content 
regardless of base binder grade. The true grades of N90-0AS and N90-10 with base binder of PG 
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64-22 were 70.7°C and 69.7°C, respectively. This finding indicated that after adding 2.5% RAS, 
the high-temperature grade changed very little. However, when the ABR content changed to 
20% (N90-20), even with a softer binder of PG 58-28, the true grade increased to 77.9°C; for 
30% ABR, it increased to 79.3°C. The N90-60AS, with the softest base binder of PG 52-34, has 
a true grade of 88.2°C. 
The low-temperature grade shows that the PAV-aged PG 58-28 and PG 64-22 were 
graded as –28°C and –22°C, respectively, which met the Superpave specifications. The RAP1 
was graded as –10°C and RAP2 as –22°C. For the extracted N90 binders (except N90-0AS), 
their low-temperature grade increased compared with that of their base binders. The N90-0AS 
with base binder of PG 64-22 was still graded as –22°C, but after its ABR content was increased 
to 10% (N90-10), it was graded as –16°C; the low-temperature grade increased by 6°C. For the 
N90-20 and the N90-30 with a base binder of PG 58-28, the low-temperature grade of the former 
increased by 12°C (to –16°C), and for the latter, by 18°C (to –10°C). PAV-aged N90-60AS was 
graded as –10°C with the softest base binder, PG 52-34; after approximately 60% recycled 
binder was added, its low-temperature grade increased by 24°C compared with the base binder. 
The results showed an increasing trend (warming) of low-temperature grade with ABR content 
regardless of base binder type, and the difference in low-temperature grades between the PAV-
aged N90 series and their base binders increased as ABR content increased. 
4.2 Complex Modulus Master Curves 
This section presents the constructed master curves at 28°C reference temperature. Figure 
4.1 is an overall plot of all evaluated ABR binders and Figure 4.2 shows the results for various 
combinations of extracted binders and control binders. The results are presented in each 
combination as follows: 
 Figure 4.2 (a) presents original binders only at various aging conditions (un-aged, 
RTFO, PAV, and 2PAV) to evaluate aging impact on base binders used in the AC as well 
as extracted constituents. Binder modulus consistently increased with aging, as expected.  
 Figure 4.2 (b) presents the results of RAP1 and RAP2 compared with 2PAV and PAV 
aged original binders. The RAP1 is stiffer than RAP2 and approaches the modulus values 
of the 2PAV aged PG 64-22.  
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 Figure 4.2 (c) presents recovered binders from low ABR mixes with their corresponding 
base binders (binders were recovered from N90-0AS and N90-10 with PG64-22 at all 
aging conditions). As shown in Figure 4.2 (c), there may be an equivalency of modulus 
between RFTO of virgin binder and extracted binder prior to PAV. When extracted 
binder was subjected to PAV, the same equivalency could be observed with the RTFO 
and PAV of corresponding base binder. None of the recovered binders before and after 
PAV could reach the values attained by 2PAV base binder.  
 Figure 4.2 (d) presents recovered binders from high ABR mixes and with their 
corresponding base binders (binders were recovered from N90-20 and N90-30 with PG 
58-28, N90-60AS with its RAP sources at all aging conditions). The equivalency noted in 
the previous curve no longer appears. RTFO and RTFO + PAV of base binder fell short 
of the extracted binder prior to PAV. The modulus curve of extracted binder is 
somewhere between the first and second PAV of base binders. When extracted binder 
was subjected to PAV aging, the modulus of N90-20 and 30 reached the stiffness of that 
of 2PAV PG58-28.  
 Figure 4.2 (e) presents N90-60AS with its RAP sources (RAP1 and RAP2) and the 
2PAV binders (PG58-28 and PG64-22). Because of adding 7% RAS2 even if with the 
softest base binder PG 52-34, before aging the modulus performed between the RAP 
sources while after PAV it was higher than its RAP sources. These results indicate that 
the binder present in high ABR AC is already at a severely aged state right after 
production.  
 Figure 4.2 (f) presents recovered binders from AC with five different ABR levels 
(immediately after recovery and after PAV) to evaluate ABR levels in the AC. Binders 
recovered from AC with 60% ABR mixes (N90-60AS) had a significantly higher 
modulus than the others, even though this AC had the softest base binder (PG 52-34). 
One PAV shifted up the modulus curves by almost the same amount for all binders. It 
was also noted that there may be an equivalency between binders obtained from higher 
ABR mixes (such as N90-20 and N90-30) and the PAV of binders recovered from zero or 




Figure 4.1 Complex modulus master curves for all studied ABR binders 
 
 




   (c)                                                                  (d) 
 
  (e)                                                                   (f) 
Figure 4.2 Subplot of complex modulus at reference temperature of 28°C (a) un-aged, 
RTFO-, PAV-, and 2PAV-aged control binders; (b) RAP with 2PAV- and PAV-aged 
control binders; (c) N90-0AS and N90-10 binders of two aging conditions compared with 
their base binder, PG 64-22, under four aging conditions; (d) N90-20 and N90-30 binders of 
two aging conditions compared with their base binder, PG 58-28, under four aging 
conditions; (e) N90-60AS with two aging conditions compared with its RAP source and 
2PAV-aged control binders; (f) PAV-aged and un-aged extracted binders from AC. 
 
4.3 Derived Rheological Parameters  
To obtain a better understanding of ABR levels and aging on a binder’s brittleness, 
additional parameters were used, as previously discussed. These parameters were ∆𝑇𝑐 obtained 
from low-temperature BBR, the Glover-Rowe parameter, R-value, and crossover frequency from 
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the DSR complex modulus tests. A summary of the additional rheological parameters is 
presented in Table 4.2. Each of these parameters is discussed separately.  
Table 4.2 Results of Rutting, Glover-Rowe Parameter, Crossover Frequency, R-value, and 
∆𝑻𝒄 













PG 58-28 — 6.34 0.07 12,728 0.593 — 
PG 58-28 RTFO 22.83 0.92 9,392 0.854 — 
PG 58-28 PAV 79.09 23.65 312 1.733 0.39 
PG 58-28 2PAV 231.59 207.69 28 1.866 –7.73 
PG 64-22 — 13.35 0.66 11,488 0.466 — 
PG 64-22 RTFO 41.22 6.77 2,403 1.210 — 
PG 64-22 PAV 183.41 106.90 123 1.576 –0.26 
PG 64-22 2PAV 536.55 757.65 8 1.740 –5.97 
Extracted Binder   
RAP1     693.40 875.53 16 1.525 –5.37 
RAP2     124.46 73.98 218 1.568 –2.44 






(kPa) GR (kPa) wc (Hz) R-value ∆𝑻𝒄 
N90-0 AS PG 64-22 0.0% 49.97 8.67 1,168 1.363 2.22 
N90-10 PG 64-22 10.5% 44.67 10.10 899 1.464 1.45 
N90-20 PG 58-28 21.2% 93.38 93.49 323 1.736 –4.12 
N90-30 PG 58-28 29.8% 167.27 90.20 168 1.643 0.35 
N90-60 AS PG 52-34 60.8% 266.75 284.05 17 1.995 –8.69 
N90-0AS PAV PG 64-22 0.0% 158.47 116.03 192 1.507 –1.27 
N90-10 PAV PG 64-22 10.5% 227.15 187.12 78 1.680 –3.41 
N90-20 PAV PG 58-28 21.2% 378.24 243.69 14 1.964 –17.71 
N90-30 PAV PG 58-28 29.8% 342.12 280.88 21 1.823 –8.37 
N90-60AS PAV PG 52-34 60.8% 736.60 1269.90 1 2.336 –21.60 
 
4.3.1 Rutting Parameter 
The rutting parameter was derived using 𝐺∗𝑠𝑖𝑛𝛿 at 50 °C and a frequency of 10 rad/s for 
each binder and its corresponding aging condition. Results are shown in Figure 4.3. A Higher 
value of rutting parameter indicates a higher resistance to rutting. The results showed that rutting 
parameter increased with aging as well as ABR content. The rutting resistances observed for 
unaged N90-0AS and N90-10, RTFO-aged PG 64-22, and PAV-aged N90-0AS were still close 
to those of the PAV-aged PG 64-22, while the rutting resistance for PAV-aged N90-10 was 
higher than for PAV-aged PG 64-22 and PAV-aged N90-0AS. When ABR contents increased to 
20 and 30, compared with their base binder PG 58-28, rutting resistance increased significantly 
for unaged or PAV-aged status. The rutting parameter of unaged N90-60AS was higher than that 
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of PAV-aged PG 64-22, even though the base binder was PG 52-34 in this mix. After PAV 
aging, the rutting resistance of N90-60AS became nearly as high as that of RAP1.  
 
Figure 4.3 Bar chart of rutting parameter for all ABR binders 
 
4.3.2 ∆𝑻𝒄 Parameter 
As shown in Table 4.2, PG 58-28 and PG 64-22 had a relatively small ∆𝑇𝑐 , warmer than 
–1°C under PAV conditions. After 2PAV aging, the absolute value of ∆𝑇𝑐 for each binder 
decreased dramatically, to –7.73°C and –5.97 °C for PG 58-28 and PG 64-22, respectively. Other 
constituents used in the AC design of the N90 series—RAP1 and RAP2—had ∆𝑇𝑐 values around  
–5°C. Because of excessive brittleness, testing could not be conducted for RAS binder, even at 
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A consistent trend was observed with the ∆𝑇𝑐 for all extracted binders with increasing 
ABR and PAV. In general, the ∆𝑇𝑐 parameters were greater than –5°C, except for the binder with 
60% ABR (N90-60AS), which had a value of –8.69°C. After PAV aging, a dramatic decrease 
was consistently observed for all the extracted binders—some had ABR values (30% and 60%) 
as high as approximately –20°C. Considering the empirical preliminary threshold of –5°C 
proposed for low-temperature susceptibility of binders, the AC with 60% ABR could experience 
brittleness in both the short and long terms.  
4.3.3 Glover-Rowe Parameter 
Figure 4.4 presents the Glover-Rowe parameter values in the black space diagram 
presented by complex modulus and phase angle. The solid lines represent onset damage, and the 
dashed line indicates the point at which significant fatigue damage happens. In general, these 
results present an expected behavior of binders moving from the lower right quadrant (high 
phase angle and lower modulus) to the upper right quadrant (lower phase angles and higher 
modulus indicating a decrease in viscous component). Figure 4.4 (a) is the plot of two control 
binders under all aging conditions. As aging increased, the values moved to the upper right 
quadrant, approaching the potential failure zones. The 2PAV PG 64-22 passed the significant 
damage line. As shown in Figures 4.4 (b) and (c), before PAV aging only the N90-60AS passed 
the onset damage. On the other hand, all binders except the N90-0AS passed the onset damage 
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Phase Angle (degree) 
Significant Cracking Onset Damage PG58-28 
RTFO PG58-28 PAV PG58-28 2PAV PG58-28 
PG64-22 RTFO PG64-22 PAV PG64-22 
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G*cosδ2/sinδ, 0.005 rad/sec at 15℃ ≤450KPa



























Phase Angle (degree) 
Significant Cracking Onset Damage N90-0 AS 
N90-10 N90-20 N90-30 
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Phase Angle (degree) 
Significant Cracking Onset Damage PAV N90-0 AS 
PAV N90-10 PAV N90-20 PAV N90-30 
PAV N90-60 AS 
G*cosδ2/sinδ, 0.005 rad/sec at 15℃ ≤450KPa







Figure 4.4 (a) Black space diagram of all aging conditions of PG 64-22 and PG 58-28 at 
15°C and 0.005 rad/sec; (b) Black space diagram of un-aged extracted N90 series at 15°C 
and 0.005 rad/sec; (c) Black space diagram of PAV-aged extracted N90 series at 15°C and 
0.005 rad/sec; (d) Combined picture (b) and (c) 
 
4.3.4 R-value and Crossover Frequency 
Figure 4.5 presents the plots of the crossover frequency and R-value results obtained by 
shifting the master curves to a reference temperature of 15°C. The crossover frequency is a 
measure of overall binder hardness, which should generally decrease with binder aging and is 
usually higher for oxidized binder (Rowe 2014; Ozer et al. 2016). Figure 4.5 (a) shows the 
results of control binders under all aging conditions as well as for the RAP. Consistent with 
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G*cosδ2/sinδ, 0.005 rad/sec at 15℃ ≤450KPa





R-value versus crossover frequency for the N90 series is shown in Figure 4.5 (b), generally as 
the ABR content increase the crossover frequency decreased and R-value increased at each aging 
condition. 
  
                                         (a)                                                                     (b)  
Figure 4.5 (a) Crossover frequency versus R-value of control binders and RAP at a 
reference temperature of 15°C; (b) Crossover frequency versus R-value of extracted 
binders at a reference temperature of 15°C. 
 
4.4 Equivalency of Aging and ABR Levels for Brittleness of Binders 
There was a consistent trend with an increase in the ABR level; that trend can be helpful 
in evaluating brittleness of binders that would otherwise be masked within the Superpave grade 
changes. This section presents an evaluation of the additional rheological parameters used to 
determine critical ABR levels in AC.  
Figure 4.6 illustrates the change in the ∆𝑇𝑐 parameter with aging of the original binders 
[Figure 4.6 (a)] and ABR level of extracted binders [Figure 4.6 (b)]. It is clear from the original 
binder data that the critical threshold of –5°C is exceeded only with the second PAV. An 
equivalency [not shown in Figure 4.6 (b)] could be established between extracted binder as-is 
and one PAV-aged base binders for the ∆𝑇𝑐 parameter only for low ABR content mixes.  
However, the ∆𝑇𝑐 parameter for extracted binders progresses much more rapidly when the ABR 
level increases to 20% and higher. Even before PAV was applied, AC with higher ABR levels 





















































































After one PAV application, binders recovered from the high ABR mixes (20%, 30%, and 60% 
ABR) exhibited values well beyond the critical threshold of –5°C and beyond 2PAV 
corresponding binders (PG58-28 and PG52-34). It is important to note that the low and medium 
ABR mixes were prepared with RAS only (i.e., no RAP). The situation may not be as critical for 
AC with ABR 20% or 30% with RAP only or RAP and RAS because RAP binder exhibited 
moderate values of brittleness. It was also noted that when ABR levels are high, the PAV-aged 
extracted binder can have much more critical values of ∆𝑇𝑐 than the second PAV of their 
corresponding base binders.  
Two performance issues can be inferred from this equivalency analysis. The first is that 
the binder in high ABR AC can be relatively more brittle immediately after production than their 
counterparts with no or low ABR. This finding indicates that these AC can have some short-term 
low-temperature cracking performance issues. A second and more important observation is the 
performance of these AC after aging. Laboratory environment PAV of extracted binders for high 
ABR AC indicates that these AC will age much faster than the binder in the AC with no or low 
ABR. Accordingly, it was concluded that the critical ABR level for AC with only RAS should be 
below 20%, which corresponds to below 5% RAS.  
  
(a)                                                                                         (b) 
  Figure 4.6 (a) Comparison of the ∆𝑻𝒄 parameter with changing aging levels of control 
binders; (b) Comparison of the ∆𝑻𝒄 parameter with changing ABR and aging levels of 
extracted N90 binders 
 
A similar analysis was conducted for the Glover-Rowe parameter as an indication of 
block and fatigue cracking. Figures 4.7 (c) and (d) show the results for the parameter with aging 
of original binders as well as the ABR levels for extracted binders. A clear and similar trend of 
























Effect of ABR 





binders reached the critical threshold proposed for cracking (180 kPa) after second PAV. For the 
extracted binders, the Glover-Rowe parameter consistently increased with increasing ABR and at 
a higher rate of increase at high ABR levels. The critical threshold of 180 kPa was reached for 
the binder with 10% ABR after PAV. As ABR increased to 60%, even before PAV, extracted 
binder exceeded the critical threshold.  
Similar to the ∆𝑇𝑐 comparision for low ABR mixes, the Glover-Rowe values of extracted 
binder from low ABR mixes are equivalent to one PAV of their corresponding base binder; after 
PAV aging, it increased slightly compared with 2PAV of their base binder. When ABR levels 
are greater than or equal to 20%, a single PAV of the extracted binders exhibited much higher 
values of the Glover-Rowe parameter as the second PAV of their corresponding base binders. 
The gap between the parameters calculated between PAV of extracted and a 2PAV of the base 
binder increases at the highest ABR level. According to the progression in the Glover-Rowe 
parameters, the AC with high ABR content could negatively be impacted by short- and long-
term brittleness that affects block cracking or fatigue cracking development. In addition, they 
could age much faster than their counterpart AC with low or no ABR—reaching a state of severe 
brittleness.  
    
(a)                                                                                         (b) 
Figure 4.7 (a) Comparison of the Glover-Rowe parameter with changing aging levels of 
control binders; (b) Comparison of the Glover-Rowe parameter with changing ABR and 
aging levels. 
 
4.5 Correlation to Mixture Performance 
Flexibility Index (FI) was developed as a parameter to characterize cracking potential of 
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Generally good performance AC mixtures had FI values greater than 8.0, while more brittle 
mixes showed values lower than 4.0 (Al-Qadi et al. 2015). Figure 4.8 presents the plots of FI 
versus the GR parameter and ∆Tc of PAV aged N90 binders. As shown in Figure 4.8 (a) and (b), 
which represents the correlation between FI and as extracted N90 binders, generally the GR 
value and ∆Tc increased with FI decreased, which indicated these two parameters provided the 
similar failure trends as FI did. The same trend can be found from the results of PAV aged 
extracted N90 binders (Figure 4.8 (c) and (d)). 
The FI showed when ABR content increased to 30%, the AC mixture exhibited poor 
performance, and the mix with 60% ABR showed a potential of extreme lack of flexibility to 
release stress. Before PAV aging, except N90-60 AS, the GR parameter of the extracted N90 
binders are generally below 100 kPa and ∆Tc are below 5.0, which means these binders still 
possess good properties to relax stress and resistance cracking at intermediate or low 
temperatures, and the FI of the corresponding AC mixtures are higher than 4. After PAV aging, 
the GR parameter showed that when ABR reached 10% it was already exposed to onset failure, 
and the 20 and 30% ABR was in the range between onset damage and significant cracking. A 
similar trend was obtained from the relationship between the ∆Tc and FI, except N90-0 AS and 
N90-10; other binders’ ∆Tc are much higher than 5, which means they are brittle at low 
temperatures. 
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                                     (c)                                                                 (d)  
Figure 4.8 (a) Correlation between Glover-Rowe of as extracted N90 binder and Flexibility 
Index; (b) Correlation between ∆𝑻𝒄 of as extracted N90 and Flexibility Index; (c) 
Correlation between Glover-Rowe of PAV aged N90 binder and Flexibility Index; (d) 
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 
This thesis presented an experimental evaluation of the rheological properties of binders 
from various sources: base binders used in design of asphalt mixes; recovered binders from the 
laboratory compacted AC with increasing ABR; and recovered constituents in the AC (RAP and 
RAS). The experimental program included the determination of standard Superpave grading and 
additional rheological parameters derived from various BBR and DSR tests: ∆𝑇𝑐 (for low-
temperature cracking susceptibility), Glover-Rowe parameter, R-value, and crossover frequency 
(these last three parameters indicate block and fatigue cracking performance). Brittleness of 
binder was assessed using these parameters which would otherwise be masked within the 
changes in Superpave grade, unless the changes were highly significant. Based on the 
experimental results and calculated parameters, the following conclusions can be drawn: 
 As the ABR level increased, both the high and low-temperature grades increased. Both 
high and low temperature grades of the extracted binder generally increased by one or 
two grades higher than its corresponding binder when ABR content was below 30%. In 
the case of the highest ABR level (60%), the high-temperature grade increased by six 
grades (from 52 to 88) and the low-temperature grade increased by four (from -34 to -10).  
 Complex modulus values across a wide range of temperatures and frequencies clearly 
increased with higher aging level and ABR content, regardless of the base binder 
properties. 
 The ∆𝑇𝑐 parameter increased with additional aging and increasing ABR levels. The 
proposed threshold of –5°C was exceeded by a wide margin when PAV was applied to 
the extracted binder recovered from AC with above 20% ABR. The values were in the 
range of –8°C to –21°C. 
 Similarly, the effects of aging and ABR levels were observed in the Glover-Rowe 
parameters, especially after the additional PAV. All the base binders reached the critical 
threshold of 180 kPa only after the second PAV. The extracted binder from AC with 60% 
ABR had values exceeding the critical thresholds even before aging. The effect of ABR 
with RAP could be expected to differ from that of the AC with RAS only—resulting in 
more moderate changes in the progression of brittleness for AC with RAP only.  
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 The crossover frequency decreased and the R-value increased with aging level and 
increasing ABR for all the studied binders. However, there is more work needed to 
reliably calculate R-value with the modulus values recorded at lower temperatures.  
 ∆𝑇𝑐 and Glover-Rowe parameters had similar effects on the low- and intermediate-
temperature cracking susceptibility. Binders with ABR levels less than 20% was at an 
aging level equivalent to its RTFO aged base binder and after one PAV was nearly 
equivalent to PAV condition of its base binder. Binders with ABR of 20% or more was 
tested as-is, they had values of brittleness parameter higher than their PAV aged base 
binder, and after one PAV aging they exceeded the values of their second-PAV-aged base 
binders indicating extreme stiffening effect of recycled binders.  
 According to the comparison of the binder rheological data with the mix performance 
testing results conducted as part of the ICT R27-128 study (Al-Qadi et al. 2015), the 
results are consistent in terms of correlating critical rheological properties with the 
Illinois Flexibility Index Test (I-FIT) results.  
 Results indicate that AC with high levels of ABR prepared with only RAS could have 
short- and long-term cracking potential. This is because aging progresses much faster in 
such cases, while their lifetime starts at an already-critically-aged condition. Hence, the 
use of RAS to produce high levels of ABR in mixes should be carefully examined prior 
to the use for a given application. The possibility of using proper rejuvenators or 
softening agents that can be blended and counter the effects of stiff binders should be 
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A. DSR Data Analysis Procedure 
a) Data preprocessing 
1. Open frequency raw data on your computer using excel. 
 You can also open the file on your own computer without install the DSR program by 
just enable “All Flies”. (Figure 1).  
 




























2. Copy raw data in the open files and paste them into the excel for master curve shifting 
 After opening the raw data. The following four columns can be found in each file (Figure 






























 Paste the four columns data correctly into the master curve shift excel file (Figure 5). 
Each temperature should be changed to be constant and paste the high temperature test 
data first then low. For example, if your test temperatures are 50,40,30 and 20, paste 50 
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3. Plot and shift master curve 
 After you paste the data you can plot the complex modulus (column C) versus reduced 














 Insert your test temperature following the excel note. Adjust the shift factor (log aT) to 
shift the master curves (Figure 7). The algorithm of the shifting was introduced in chapter 














4. Remove inconsistent data 
 There might be some inconsistent data that need to be removed. Thus you need to check 
the plot of phase angle (column D) versus reduced frequency (column F) showed in 



























5. Move fitted and cleaned data and sort them  
 Copy columns MNOPQ and paste to columns STUVW (Figure 9). Sort column T 
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6. Save preprocessed data as a txt file 
 The txt file is shown in Figure 10. Except the data from columns STUVW, you need add 














b) MATLAB Master Curve Sigmoidal Model Fit  
Run the master curve shift MATLAB program. Input your txt file and choose sigmoidal 
fit. Follow the instructions, then the output file from MATLAB program is like shown in Figure 
11, and find these data paste them into the excel for rheology parameter calculation (GR, 












c) Rheology Parameters Calculation 
1. Input data into excel for MATLAB read 
 The Excel for rheology calculation is shown in Figure 12.  The column A and B are your 
test temperature and shift factors, the same for CD because here we have two test 
replicates. If you only have one replicate, please make CD is same as AB. The column 
EF are prony series coefficients, you also can find it in the MATLAB output file.  












2. Run the MATLAB program  
 Run Rheology_index_calculation.m, input your excel file name (line14 in Figure 13) and 




 Input your reference temperature of your master curve (line 38 in Figure 14) 
 Input the rheology index required frequency and temperature (line 47 and 49 in Figure 











 Figure 15 shows the input modulus  and phase angle of GR parameter and rutting 
parameter. You don’t need to make any change here, just to remind, because we input 
w[1] and T[1] for GR calculation, thus here G_gr (line85) is gstar2(1) and 
phase_angle_gr (line 87) is phase_angle(1); and we input w[2] and T[2] for rutting 

























 There is some commented code in the complex modulus and phase angle calculation part, 
you can also uncomment them to plot the figure of complex modulus and phase angle 
like Figure 16 and 17, to check the points used to calculate GR and rutting parameter are 








3. Read table  













B. MATLAB Code of Rheology Index Calculation 
a) Main Program 
% Developed by Jing Ma 2015 
% jingma6@illinois.edu 
% This small program is used to calculate Glover-Rowe parameter, Rutting parameter, R-value and 
% crossover frequency. 
% also can be used for calculate other performance index once you input the 





% ----   input filename and number of binders -----  % 
  
% insert your filename here, the file contains your data 
filename = 'GR_ABR 8mm.xlsx'; 
  
% insert your number of sheet in the file 
% each sheet corresponding one type of binder  
% for example here: 20 sheet correponding to 20 binders 
  
number_of_sheet = 20; 
  
  
% ------   read file   --------% 
for i = 1:number_of_sheet; 
    sheet = i; 
wlf1 = xlsread(filename,sheet,'A2:B17');    %read WLF of sample1 
wlf2 = xlsread(filename,sheet,'C2:D17');    %read WLF of sample2 
G_inf = xlsread(filename,sheet,'F1:F1');    %read prony series 
E_n = xlsread(filename,sheet,'F4:F20');     %read prony series 
taus = xlsread(filename,sheet,'E4:E20');    %read prony series 
fre = xlsread(filename,sheet,'G3:G52');     %read reduced frequency, unit Hz 
phase = xlsread(filename,sheet,'J3:J52');   %read phase angle, unit deg 
E_star = xlsread(filename,sheet,'H3:H52');  %read complex modulus, unit pa 
  
% ------ input data --------- % 
  
% *** input your reference temperatrue *** 
ref_t = 28; 
  
% *** input your frequency and temperature of each parameter *** 
% for example here: 
% @GR: frequency 0.005 rad/s and temperature 15C  
%           thus w[1] = 0.005 ; T[1] = 15 
% @rutting: frequency 10rad/s and temperature 50C 
%           thus w[2] = 10; T[2] = 50 
  




T = [15;50]; 
  
  
%% WLF fitted reduced frequency 
[wr] = fitted_wr(wlf1,wlf2,T,ref_t,w);               %% rad/s 
wrHz = wr.* 0.15915494327;                           %% rad/s to Hz 
  
%% Prony fitted Complex modulus (some issues here, calculations are not based on these data) 
gstar1 = Pronyfit(wrHz,G_inf,E_n,taus); 
  
   
%% Interpolate Sigmoidal fitted complex modulus and phase angle 
  
%complex modulus 
gstar2 = spline(fre,E_star,wrHz); 
  







% phase angle                                
phase_angle = spline(fre,phase,wrHz); 
  







%% Glover-Rowe Parameter calculation 
  
%insert the complex modulus used to calculate the GR parameter 
G_gr = gstar2(1);                                                %unit Pa 
%insert the phase angle used to calculate the GR parameter 
phase_angle_gr = phase_angle(1);                                 %unit deg 
  
  
GR{i} = GR_calculation(G_gr,phase_angle_gr);                      %unit Pa 
  
%% Rutting Parameter calculation 
  
%insert the complex modulus used to calculate the rutting parameter 
G_rutting = gstar2(2);                                          %unit Pa 
  
%insert the phase angle used to calculate the rutting parameter 





rutting{i} = Rutting_calculation(G_rutting,phase_angle_rutting);   %unit Pa 
  
%% Crossover frequency calculation 
  
crossover_frequency{i} = wc_calculation(fre,phase,wlf1,wlf2,ref_t); 
  
%% R-value calculation 




number = [1:number_of_sheet]'; 
Glover_Rowe_Pa = cell2mat(GR)'; 
Rutting_Pa = cell2mat(rutting)'; 
crossover_frequency_Hz = cell2mat(crossover_frequency)'; 
R_value = cell2mat(R_value)'; 
T = table(number,Glover_Rowe_Pa,Rutting_Pa,crossover_frequency_Hz,R_value) 
  
b) Helper function called by main program 
  
%this calculation based on WLF Fit (thesis chapter 2) 
%@wlf1:input wlf coefficients of replicate 1 
%@wlf2:input wlf coefficients of replicate 1 
%@ref_t: reference temperature 
%@T: the temperature you want to shift to 
%@w: the reduced frequency at current reference temperature 
  
function [wr] = fitted_wr(wlf1,wlf2,T,ref_t,w)  
%% fit C1 C2 
xdata1 = wlf1(:,1); 
ydata1 = wlf1(:,2); 
fun = @(c,xdata1)-c(1)*(xdata1 - ref_t)./(c(2)+xdata1-ref_t); 
c0=[19,92]; 
c1 = lsqcurvefit(fun,c0,xdata1,ydata1); 
xdata2 = wlf2(:,1); 
ydata2 = wlf2(:,2); 
fun = @(c,xdata2)-c(1)*(xdata2 - ref_t)./(c(2)+xdata2-ref_t); 
c2 = lsqcurvefit(fun,c0,xdata2,ydata2); 
  
%% logat and wr  
logat1= -c1(1)*(T - ref_t)./(c1(2)+T-ref_t); 
logat2= -c2(1)*(T - ref_t)./(c2(2)+T-ref_t); 
wr1 = 10.^(log10(w.*0.15915494327)+logat1)./0.15915494327;    %%rad/s  
wr2 = 10.^(log10(w.*0.15915494327)+logat2)./0.15915494327; 
wr = (wr1+wr2)./2;                                            %%rad/s 
end 
 
function [gstar1] = Pronyfit(wrHz,G_inf,E_n,taus) 
for i=1:size(wrHz,1) 
   n = wrHz(i);                                       %%rad/s 
   g_storage(i) = G_inf + sum(E_n*n^2.*(taus.^2)./(n^2.*(taus.^2)+1)); 




  gstar1 = (g_storage.^2 + g_loss.^2).^ 0.5; 
%figure; 
%x = fre;                                %%Hz 




function GR = GR_calculation(Gstar,phase_angle) 
GR = Gstar*(cos(phase_angle/180*pi())^2)/sin(phase_angle/180*pi());  %PA 
end 
 
function rutting = Rutting_calculation(Gstar,phase_angle) 
rutting = Gstar*sin(phase_angle/180*pi()); 
end 
 
%@fre, @phase is the frequency and phase angle used to interpolate frequency at 
%phase angle equals 45 degree 
%@wlf1,@wlf2,@ref_T is the same input of function fitted_wr, because here 
%will call the fitted_wr to shift the interpolated frequency at the  
%reference temperature to 15C 
  
function crossover_frequency = wc_calculation(fre,phase,wlf1,wlf2,ref_t) 
%y1 = nonduplicate(y); 
wcHz = interp1(nonduplicate(phase),fre,45) ;        %% Hz 
wc = wcHz/0.15915494327;                            %% Hz to rad/s 
%shift to 15C 
wc_15 = fitted_wr(wlf1,wlf2,15,ref_t,wc);           %% rad/s 
crossover_frequency = wc_15 * 0.15915494327;        %% Hz 
end 
 
function R_value = R_value_calculation(fre,E_star,crossover_frequency) 
g = spline(fre,E_star,crossover_frequency); 
syms r 
Rvalue = solve(10^(9-r)== g); 
R_value = eval(Rvalue); 
end 
 
 
 
 
 
 
 
 
